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Determining the magnetic order of solids in high magnetic fields is technologically challenging. Here we probe the cascade of magnetic phase transitions in frustrated multiferroic CuFeO 2 using nuclear forward scattering (NFS) in pulsed magnetic fields up to 30 T. Our results are in excellent agreement with detailed neutron diffraction experiments, currently limited to 15 T, while providing experimental confirmation of the proposed higher field phases for both H c and H ⊥ c. We thus establish NFS as a valuable tool for spin structure studies in very high fields, both complementing and expanding on the applicability of existing techniques. Geometric frustration and anisotropy lead to distinct types of magnetic order when the magnetic exchange interaction becomes comparable to other energy scales at sufficiently low temperatures. In CuFeO 2 (CFO), manifestations of both are observed and intricately related. The application of a magnetic field tunes the balance between the interactions and successively selects metamagnetic phases where various spin structures (SSs) minimize the total energy of the system.
In CFO (space group R3m, a,b = 3.03Å, c = 17.17Å), Fe 3+ ions are antiferromagnetically coupled on triangular lattice planes, separated by layers of O 2− and Cu 1+ ions. 1 From the lattice geometry one would expect geometric frustration and from the Heisenberg nature of the Fe spins (3d 5 , S = 5/2, L = 0) a noncollinear 120
• spin configuration. However, when CFO is cooled it undergoes two successive phase transitions at T N1 = 14 K and T N2 = 11 K from the high-temperature paramagnetic phase into a collinear antiferromagnetic phase, 2 reminiscent of systems with an Ising-type anisotropy. At the same time, the lattice symmetry is lowered from hexagonal to monoclinic through a scalene distortion. 3 Upon application of a magnetic field in the ordered phase, CFO exhibits a cascade of magnetic phase transitions before reaching saturation at about 80 T. 4 For H c, CFO undergoes three first order transitions, leading to a plateau at 1/3 of the saturation magnetization (Fig. 1) . The first field-induced phase shows electric polarization 5 and a linear increase in the magnetization, whereas the second field-induced phase is a plateau at 1/5 of the saturation magnetization. For H ⊥ c the magnetization grows linearly before similarly halting at a 1/3 plateau following a first order transition. For both orientations, this plateau is delimited to higher fields by a second order transition, after which the magnetization first rises with different slopes before the curves eventually become indistinguishable after one last common first order transition at 53 T. 6 The association of the scalene lattice distortion observed in the low-temperature, low-field phase with a spin-driven analog of the Jahn-Teller effect gives a first hint on the true origin of the observed highly anisotropic behavior. 3 A further clue comes from the release of these distortions with increasing magnetization of the sample. [7] [8] [9] The inclusion of a biquadratic term to describe the spin-lattice coupling finally allowed to understand the observed field dependent easy axis anisotropy and the last metamagnetic transition at 53 T, where the undistorted lattice and isotropic behavior are recovered. 6, 10, 11 Probing the SSs is of particular importance to test any theory describing the magnetization process in CFO. After Mössbauer experiments 2 had identified collinear antiferromagnetic order below T N2 , a series of neutron scattering experiments to determine the spin structures was performed. The present picture is that, for T N2 < T < T N1 , CFO is in a partially disordered incommensurate state with a sinusoidally amplitude modulated, temperature dependent propagation vector (q,q,0), 0.19 q 0.22, 12, 13 before ordering in the collinear four-sublattice (4sl) ( 1 4 , 1 4 , 3 2 ) state below T N2 . Much effort went into the study of the phase H c1 H H c2 for which a proper helical SS with an incommensurate wave vector was proposed, 14 in order to account for the multiferroic behavior. This model was corroborated through studies of CFO samples with partial substitution of Fe through Al or Ga for which the ferroelectric state could be stabilized at zero field. [15] [16] [17] [18] The plateau for H c2 H H c3 at 1/5th of the saturation magnetization was determined to be a 5sl SS with 1 5 , 1 5 ,0 . 14 For the application of H ⊥ c it was found that the 4sl state remains stable up to 14.5 T while the moments cant slightly towards the applied field.
The direct observation of the SS in the high-field phases through neutron diffraction or x-ray magnetic scattering experiments remains extremely difficult. Both methods require long integration times and large solid angles which are difficult to obtain in combination with the high magnetic fields needed to reach these phases. While exploratory neutron diffraction experiments could observe a three-sublattice reflection at the 1/3 plateau, 19, 20 x-ray magnetic scattering in high fields has only recently been demonstrated for the first time. higher-field structures, thus demonstrating the feasibility of the technique for the study of spin structures in very high fields.
In NFS, nuclear levels split by hyperfine interactions are excited simultaneously by a pulsed synchrotron source, tuned close to the resonance energy. The time dependence of the subsequent decay exhibits a characteristic beat pattern resulting from the interference between different transitions. Even though NFS cannot directly resolve spin structures, relevant information for the comparison of model-based calculations of the time spectra is obtained. 22 NFS probes the spin structure in several ways: (i) Through the selection rules, the transition probability is determined by the relative orientation of the quantizing field and the polarization of the incident beam. (ii) The total internal magnetic field H int probed by NFS is the vector sum of the applied field, the field generated by the atomic moment, and the transferred hyperfine and demagnetizing fields. The internal field at a given site thus contains information about its orientation with respect to the applied field. (iii) In the presence of different sites, additional frequencies arise in the decay from intersite interference depending on the geometry. Further beats arise from the interaction of the nuclear quadrupole moment with the electric field gradient and from the optical thickness of the sample, leading to complex hybrid beat patterns.
A single crystal of CFO was grown by the floating zone method following Ref. 1 . Part of the sample was enriched in 57 Fe through insertion of a small 57 Fe-enriched section into the large polycrystalline template before growing the crystal in a mirror image furnace. The crystal was characterized through Mössbauer spectroscopy and magnetization measurements.
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The former did not show traces of magnetic impurities and the phase diagrams obtained through the latter agree well with previous work.
The enriched crystal section was located by nuclear fluorescence and the enrichment was found to be 90% in the NFS measurements. The samples were oriented to within ±2
• , polished to a thickness of 48 ± 2 μm for k c and to 36 ± 6 μm for k ⊥ c, glued onto 155 μm diamond substrates, and mounted directly in the He flow of the sample cryostat of the PMF setup used in the experiment. The magnetic field was always applied along the beam. In order to attain the 1/3 plateau for H c and H ⊥ c we use a miniature pulsed field coil providing fields up to 30 T at repetition rates of 6 min −1 . 23 The system features an independent sample cryostat and the sample temperature was kept at 5 ± 0.5 K. The NFS experiments were carried out at the beamline ID18 in 16-bunch timing-mode operation of the ESRF. A detailed description of the experimental setup and detection scheme for NFS in PMF is given in Ref. 24 . The count rates were typically 25 kHz for H c and 35 kHz for H ⊥ c in the time window from 12 to 176 ns at an average storage ring current of 70 mA. For a quantitative evaluation, the data was binned into appropriate field regions within each phase, in order to obtain the NFS time spectra shown in Fig. 3 . The spectra were fitted using the MOTIF package, 25 using a model-based approach, making assumptions on the spin structure while fitting selected parameters for each site in order to adjust the calculated spectrum to the experiment. Figure 3 (top) a shows selected time spectra along with the fits to the data. The zero-field spectra for H ⊥ c for two orientations of the crystallographic c axis with respect to e m allow to constrain the sublattice magnetizations and the principal axis of the electric field gradient (v zz ) along c, whereas the presence and amplitude of intersite interferences for H c confirms the antiferromagnetic alignment of the sublattices. The values of 51.5 T for the magnetic hyperfine field and 6.5 0 for the quadrupole splitting agree with previous work.
2 Figure 3 (a) (top) shows the spectra for H c. In order to fit the collinear phases for H < H c1 (4sl: ↑↑↓↓), H c2 < H < H c3 (5sl: ↑↑↑↓↓) and H c3 < H < H max (3sl: ↑↑↓), we assume two sites, one parallel to and one opposite to the applied field, and fit the respective internal fields and relative weight, whereas the quadrupole splitting (QS) was variable but constrained to be equal for both sites. The internal fields reported at the bottom of Fig. 3 phases. The sublattices within the 5sl and 3sl structures are in principle required to be of different symmetry, but the present data do not warrant fitting their QS independently. For H c1 < H < H c2 we have tried to fit two spin structures compatible with the observation of ferroelectricity in this phase. A cycloid structure, where the spins are slightly canted away from the a-b plane, and a transverse proper helix structure. While the cycloid structure does not allow to fit the data with acceptable values for the canting angle and internal fields as the only fitting parameters, we could reproduce prominent features of the data with a three-dimensional (3D) distribution approximating equally distributed domains of propagation vectors. Fig. 2 show a calculation of the NFS intensity using the relevant model parameters of the fits described above. The calculation and the experimental point density are related through the acquisition time per field interval.
In conclusion, this experiment represents an application of NFS in high magnetic fields up to 30 T for the study of spin structures, where other more direct methods such as neutron diffraction and x-ray magnetic scattering face severe challenges due to their requirement of large solid angles. The low-field data and all transition fields are in good agreement with previous work. For H H c1 and H c2 H H c3 we confirm the collinear spin structures parallel to the crystallographic c axis. The data for the ferroelectric phase for H c1 H H c2 does not support the cycloid structure, while a 3D distribution approximating a multidomain transverse proper helix structure gives qualitative agreement. For the plateau at 1/3 of the saturation magnetization we find that a collinear spin arrangement corresponding to the expected 060408-3 three-sublattice structure best represents the data above H c3 . For H ⊥ c we directly evidence the stability of the canted four-sublattice phase in the plane defined by H and c up to H ⊥ c1 . In the 1/3 plateau, a collinear three-sublattice configuration provides the best fit, if a fraction of spins pinned along the c axis is allowed for. At the moment the development of a pulsed field coil with perpendicular access is underway. In combination with full polarization control using diamond phase plates, this would greatly simplify the interpretation of the spectra resulting from complex spin structures in the future and facilitate ruling out ambiguities.
